Electronic screening of trucks prior to reaching points of regulatory compliance checks (typically, weigh stations) would allow for more efficient use of government resources while reducing travel time for motor carriers. This paper studies the effects of electronic screening on reducing travel time and enhancing productivity of the weigh station using a new simulation model. The model illustrates the impact of electronic screening on motor carrier travel time savings and weigh station productivity assuming various levels of transponder equipped vehicles.
Electronic screening systems use Automatic Vehicle Identification (AVI) technology to identify a participating vehicle as it approaches a weigh-station. Typically, an AVI tag (a transponder) is read by a roadside reader. The roadside reader identifies the truck and links its identification to the truck's weight and axle spacing information that is collected by a mainline weigh-in-motion (WIM) scale. Based on the identification of the truck, the WIM measurement, and decision rules coded into the roadside computer, a determination is made as to whether the truck is to be signaled into the weigh station or allowed to bypass. The screening decision, to permit or not permit a bypass, is communicated back to the transponder (2) . The in-cab transponder, in turn, signals the driver with either a green light to bypass or a red light to pull into the weigh station.
Transponder-equipped trucks that are electronically cleared do not have to leave the mainline and thus benefit from fuel and time savings. By reducing the number of vehicles that have to pull into facilities that are operating at or near capacity, mainline screening also reduces frequency of full queues at weigh stations. Full queues result in either the line of trucks backing on to the mainline, a dangerous situation, or waiving trucks past the weigh station without performing compliance checks (unauthorized bypasses).
Operation of weigh stations, without electronic screening, can and often does result in three inefficiencies. First, trucks that are in compliance with regulations are forced to stop and are delayed while checks are performed. Second, enforcement officials devote the majority of their resources checking compliant trucks. Third, trucks which are neither manually or electronically screened are allowed to bypass the weigh station without being weighed or otherwise observed.
Electronic screening reduces all three inefficiencies. Because truck participating in the electronic screening programs are not routinely stopped at weigh stations (they may be stopped based on exception or random inspection), they are able to minimize or entirely avoid the delay that results from manual checks. Enforcement officials do not routinely inspect compliant trucks participating in electronic screening. Because participating trucks are not waiting in the queue at the weigh station, the queue is diminished, resulting in fewer unauthorized bypasses. In fact, our analysis of electronic screening shows that even compliant trucks which are not participating in the electronic screen program (trucks that are not transponder-equipped) benefit in terms of time savings as a result of shortened queues.
As the evaluator of the Advantage I-75 Operational Test and the Oregon Green Light deployment, two initiatives employing electronic screening, we were given the task of quantifying the impact of electronic screening in terms of travel time savings for motor carriers and enhanced productivity of the weigh station. To conduct our evaluation, we developed a simulation model that provides for visual animation of traffic operations approaching, through, and after a weigh station. The simulation provides a robust medium for evaluation as it can quantify the benefits of electronic screening under a variety of operating policy alternatives and display the operation of the system under each alternative using high fidelity animation. The animation allows a broad audience to better understand the analysis and the effect of electronic screening on weigh station throughput. This paper documents the application of our simulation model. The paper illustrates the use of the model through a case study of a prototypical weigh station located on an interstate with high truck traffic volume. Although only one weigh station is used in the case study illustration, we
have used the simulation to analyze electronic screening for other designs. One of the advantages of this simulation model is its ability to simulate hypothetical scenarios. Part of the electronic screening evaluation goal is to extrapolate the obtained results into the future. Thus performance measures (i.e., delay, unauthorized bypasses, trucks checked, etc.) can be projected into the future, illustrating the implications of growth in truck traffic or transponder usage. In many cases, existing manual facilities are unable to keep pace with current truck traffic levels and allow an inordinate number of unauthorized bypasses. State enforcement agencies are, therefore, compelled to seek capacity enhancements for the weigh stations. Electronic screening is a feasible option for increasing capacity without a multi-million dollar investment in expanding the physical infrastructure of the weigh station.
COMPUTER SIMULATION MODEL
Computer simulation is a well known and powerful technique for testing the impact of changes in variables or parameters for systems where the effect of such changes cannot be determined analytically (3, p.227) . It is also an appropriate tool for traffic experiments where similar field experiments are impractical. Thus, in this study, a simulation model is used to evaluate the impact.
A review of existing traffic simulation models, such as CORSIM (4) and INTEGRATION (5), indicated that they are not applicable for evaluation of electronic screening at weigh stations.
These models do not allow for dynamic change in truck characteristics which would be necessary to simulate the AVI reader/transponder function. Modifying these models to simulate electronic screening of trucks at a weigh station would be very difficult and expensive.
Therefore, we developed a new simulation model.
The new model consists of two modules, a weigh station and a mainline module. This paper describes the weigh station module which examines the number of trucks forced to bypass a weigh station due to a full queue (unauthorized bypasses) and determines the travel time saved by allowing compliant trucks to be screened electronically at mainline speed. The mainline module measures the reduction in fuel consumption and potentially other benefits such as improvement in traffic efficiency due to less merge and diverge activities in the vicinity of the weigh station. The mainline module and its integration with the weigh station module will be examined in a future study.
The weigh station simulation module is a microscopic, stochastic model with a powerful animation capability. The simulation module is built in Arena (6) 
Weigh Station Simulation Module
The weigh station model design is based on the existing geometry and functionality of a given weigh station, yet is flexible enough to accommodate the potential modifications of the weigh station policy and procedure. Given an option to change the model's parameters, a "what-if" analysis can be done.
The weigh station module is specifically designed to simulate traffic operations in and around a weigh station facility. It simulates truck movement through a weigh station, the weighing of the trucks, and inspection. One of the most important parts of this module is the inclusion of the decision making logic that is associated with the electronic screening system's assignment of bypass or pull-in flags to the approaching trucks. The electronic screening decision making logic for this study is based on the Advantage I-75 functional requirements document (7) . Figure 1 presents an overview of the electronic screening bypass and pull-in logic.
The model generates each entity (a truck), according to an exponential distribution in the simulation and attributes the entity with vehicle characteristics. For example, if the user decides to test the implication of having ten percent of the population of trucks equipped with transponders, the program randomly allocates transponders to ten percent of the entities. Other attributes are assigned following a discrete or continuous probability function. These attributes could include such vehicle characteristics as classification, axle spacing, and axle weights.
When electronic screening is deployed in a network or a corridor of weigh stations, the simulation also has the ability to take into account information regarding the vehicle which was written to the transponder during prior interrogation (e.g., the transponder might contain the weight when it was weighed at a static scale upstream earlier in the day).
The decision making engine is triggered when a transponder-equipped truck passes the Advance AVI reader site located on the mainline. The transponder data (prior information written to the transponder) as well as WIM data (e.g., axle weights and spacing), which initially were assigned to each truck, are recorded by the roadside reader. If a truck successfully satisfies all the conditions stated in the logic, it is awarded a bypass flag. If not, it must enter the upcoming weigh station (pull-in). All trucks that are not assigned a transponder must also enter the weigh station.
The allowable weight criteria and the bridge formula are the two main components of the decision making processor. Given a truck's axle weights and spacing information from the WIM, these components determine the truck's compliance with weight regulations.
The logic used by the simulation have been verified and the results of the simulation have been validated by comparing the travel time collected in the field to those generated by the simulation without the availability of electronic screening. The validation procedure will be described in more detail later in the paper.
Input and Output Data
The weigh station simulation module is built based on actual truck traffic patterns and geometry data collected at weigh station sites or obtained from local agencies. The default input data, 
Model Validation
The model may provide results which are not identical to the observed system. The purpose of model validation is to determine if the model replicates the actual system at an acceptable level of confidence (8, p.129). The simulation results are compared to the real system to validate the weigh station simulation module.
The resemblance of the functionality of traffic movements through an unsignalized intersection and static scale at weigh stations led to the validation data collection method suggested for delay study at unsignalized intersections. In this method, total delay at unsignalized intersections is defined as "...the total elapsed time from when a vehicle joins the queue until the vehicle departs from the stopped position at the head of the queue (9, p.2-9)." Using the same concept, total delay at weigh stations' static scales is measured using a plate-reading method. Having the truck arrival times at the these points, the static scale total delay (i.e., delay from points one to two; d 12 ) and the travel time from the static scale to the exit point (i.e., points two to three; d 23 ) of each truck can be determined by matching the plate numbers in a database system. The time difference between the arrival and departure of trucks at the static scale is referred to as static scale service time.
The static scale total delay (d 12 ), unauthorized bypass percentages, and travel time (d 23 ) are determined by running the weigh station simulation model, assuming existing conditions at a weigh station (i.e., no transponder-equipped truck participation) and using the traffic volume and service time collected at peak and off-peak periods. Table 1 compares the field data to the simulation results which are obtained from ten two-hour simulation runs. This table also includes the 95 percent confidence intervals for evaluation of the generated point estimate of means. These confidence intervals provide lower and upper limits of the true point estimate of averages. Therefore, it can be stated that with 95 percent confidence the true afternoon peak average total delay (d 12 ), for example, is within three percent of the average delay (288 seconds). 
CASE STUDY
The weigh station simulation module is developed for a conventional weigh station with a static scale as shown in Figure 2 . It is assumed that AVI roadside readers, located about a half of a kilometer (one quarter of a mile) upstream of the weigh stations, scan the approaching transponder-equipped trucks. In less than a second, the implemented electronic screening logic assigns bypass/pull-in flags to the trucks. The pull-in trucks must enter the weigh stations unless the queue is full. Trucks with bypass flags continue on at the mainline speed without entering the weigh station. In the simulation animated portrayal of the weigh station, green and red colors indicate truck's assignment of a bypass or a pull-in.
The system performance of electronic screening at the weigh station is evaluated by conducting a "before and after" study. In the absence of an electronic screening system all trucks must enter the weigh station. With the engagement of electronic screening logic, most of the transponderequipped trucks are electronically cleared at the mainline. By comparing the results obtained from the simulation model run under the two described scenarios, the system performance of electronic screening at the weigh station is evaluated at different levels of transponder-equipped truck participation.
The case study involves a weigh station with a high volume of truck traffic (i.e., 440 trucks per hour). The collected field data at this site indicates that more than two thirds of trucks on the mainline are currently bypassing the weigh station due to a full queue at the weigh station (unauthorized bypasses). It also shows that under the weigh station's existing operation (i.e., disengaged electronic screening) the average static scale total delay is 290 seconds per truck.
Ten two-hour simulations were run for each of five scenarios. The input parameter, "percentage of trucks with transponders" was treated as the variable. Scenarios included 0, 10, 25, 40, and 65 percent transponder usage. All other input parameters presented in Table 2 remained constant and reflected field observations. Figures 3a and 3b show the output results in graphic form.
The figures illustrate the expected delay and percent of unauthorized bypasses. It indicates a reduction in average static scale delay (d 12 ) and unauthorized bypasses as the percentage of transponder-equipped truck increases. As a result, the weigh-station's capacity continues to be saturated even when forty percent of the truck stream is equipped with transponders, and hence the delay at the static scale does not appreciably diminish until participation is above forty percent. However, as participation surpasses forty percent, non-participating trucks begin to share in the benefits of electronic screening in the form of diminished queues and thus shorter delay times at the scales.
Relationship between participation levels and the number of authorized and unauthorized bypasses is illustrated through Figure 4a . Shown in the figure are the travel time savings components of the three possible outcomes for a truck traveling past a scale; unauthorized bypass, authorized bypass, and pull-in. As participation increases, the number of unauthorized bypasses decreases and total travel time savings for unauthorized bypassers decreases.
Symmetrically, as the percentage of participants in the electronic screening increases, the aggregate travel time savings for participating trucks increases. Travel time savings for each truck that pulls into the scale also increases because congestion through the weigh station has been diminished. Total travel time savings for all trucks in the system increases markedly as the entire system has become more efficient. Enforcement also benefits because the percentage of trucks screened (see Figure 4b) , by either manual or electronic means, increases as participation increases. Figure 4 provides a side by side comparison of the benefit curves for the enforcement agencies, in terms of capacity, and the motor carriers.
Reduced travel time is an incentive for all trucks to participate in electronic screening. However, as more trucks participate in electronic screening, the more efficient manual screening becomes, and relative time savings for participating trucks in comparison to non participating trucks decreases. Therefore, the marginal incentive to participate decreases as participation increases.
This relationship is shown in Figure 5 . Figure 5a The application of the simulation model is not limited to the evaluation of electronic screening at weigh stations. Simulation would be as effective at evaluating the impact of design modifications or changes in service time on the productivity of a static weigh station. Simulation could be used to predict the impact of electronic screening at international border crossings.
Simulation might also be used as a decision making tool when examining the benefits of introducing automation to a static toll bridge or road in terms of alleviating traffic congestion.
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